Abstract: Gold nanorods (GNRs) with surface plasmon resonance peak at 1063.8 nm were fabricated and experimentally exploited as the single and combined saturable absorber (SA) in a Q-switched Nd:YAG laser for the first time. In the situation using GNRs as a single SA, the maximum pulse energy of 19 J was achieved at a pulse repetition rate of 20 kHz. However, due to the small effective modulation depth of the GNRs, microsecond pulses were generated in such a GNRs-based passively Q-switched laser. A novel configuration using GNRs as a combined SA in an acoustooptic Q-switched Nd: YAG laser was proposed. The small nonlinear loss modulation induced by the GNRs played a distinctive role in flexibly manipulating the nanosecond pulse waveforms. Our study demonstrated the feasibility of generating high-energy pulses by singly using GNRs-based SA in all solid-state lasers. Meanwhile, a new application mode incorporating GNRs as a combined SA was studied, providing an alternative method to take advantage of the nanomaterial-based SA with a relatively small modulation depth.
Introduction
Gold nanoparticles have been receiving much attention due to their attractive applications in photodynamic therapy, biosensing, and near-field super-resolution imaging. These applications are enabled by the outstanding physical properties of gold nanoparticles, which arise mainly from the surface plasmon resonance (SPR) [1] - [3] . SPR is an optical phenomenon related to the collective oscillations of electron plasmas at the surfaces of metallic particles, resulting in two important properties. First, the light-concentration in nanostructures leads to great enhancement of both linear and nonlinear optical interactions. Second, the recovery time of gold nanoparticles is typically in a fast timescale of a few picoseconds, which results from the electron-phonon and phonon-phonon interaction processes [4] , [5] . Furthermore, because the sizes along the individual directions are different for nonspherical gold nanoparticles, different SPR peaks appear simultaneously at different wavelengths, indicating that the saturable absorption of gold nanoparticles can be tuned in a wide wavelength range. These properties make gold nanoparticles promising saturable absorbers (SAs) for Q-switched or mode-locked lasers.
Nonspherical gold nanorods (GNRs) have been widely studied due to their two distinct SPR bands: the transverse SPR (TSPR) and the longitudinal SPR (LSPR) band. The weak TSPR band is always located at the visible region, while the intense LSPR band can be flexibly tuned from the visible to the near-infrared region by changing the aspect ratio. Recently, GNRs have been successfully exploited as SAs for the generation of short pulses in Q-switched or modelocked fiber lasers [6] - [11] . As for the Q-switched Er fiber lasers, pulses at 1562 nm with a pulse width of 1.78 s and a pulse energy of 0.13 J were obtained with the microfiber-based evanescent field interaction scheme [8] , while 4.8 s and 0.31 J pulses at 1560 nm were generated in the GNRs film sandwich configuration [9] . Regarding mode-locking operation, 887 fs pulses at 1552 nm and $440 ps pulses at 1039 nm were obtained from GNRs-based modelocked Er and Yb fiber lasers, respectively [10] , [11] . In comparison with the fiber lasers, bulktype solid state lasers show potential for further pulse energy scaling, because their large mode areas allow more energy to be stored. Moreover, the undesired nonlinear optical effects can be further mitigated in the short length of the bulk gain medium with a large beam area. However, in the regime of solid state lasers, although theoretical studies on the mode-locking of solidstate lasers below 700 nm using gold nanocomposites as SAs have been reported [4] , [12] , GNRs-based SAs for pulsed solid-state lasers have not been demonstrated experimentally.
In this paper, gold nanorods with SPR peak at 1063.8 nm were fabricated and experimentally exploited as a single and a combined SA in a Q-switched all solid-state Nd:YAG laser for the first time. When using GNRs as a single SA, the maximum pulse energy of 19 J was achieved at a pulse repetition rate of 20 kHz. However, microsecond pulses were generated in such a GNRsbased passively Q-switched laser, which should be attributed to the small effective modulation depth of the GNRs that were used. A novel configuration using GNRs as a combined SA in an acousto-optic Q-switched Nd:YAG laser was proposed. The small nonlinear loss modulation induced by the GNRs played a distinctive role in temporally shaping the nanosecond pulses, such as pulses with reshaped rising and falling edges, and narrowed and time-symmetric pulses. Benefiting from the wide SPR tuning range of the GNRs, the demonstrated ability in pulseenergy scaling and waveform shaping can be extended to the solid-state lasers emitting at other wavelengths.
Fabrication and Characterization of GNRs-Based Saturable Absorber
The GNRs were prepared using a modified seedless growth method. In a typical synthesis, CTAB solution (1 mL, 0.2 M) and NaOL solution (0.3 mL, 0.1 M) were added to 3 mL of water. After HAuCl 4 (0.5 mL, 5 mM) was added into the solution, the solution was ultrasonicated for approximately 5 min. Next, AgNO 3 solution (0.18 mL, 4 mM) was added and then the solution was gently mixed. HCl (0.2 mL, 1.2 M) was then added into the solution to adjust the pH value. Subsequently, a gallic acid solution (0.6 mL, 0.1 M) was added into the solution. The solution was ultrasonicated for approximately 5 min. Finally, NaBH 4 solution (0.025 mL, 0.01 M) was added into the solution, and then the solution mixture was gently shaken. The solution was allowed to react overnight. The GNRs products were centrifugated for two times and redispersed in double distilled water. Fig. 1(a) shows the transmission electron microscopy (TEM) image of the fabricated GNRs, which was measured with a Tecnai G2 F20 TEM (FEI, America). The orientation of the GNRs was not controlled in our experiment. The sizes of GNRs were obtained by analyzing 150 particles from the TEM images, with the results shown in Fig. 1(b) and (c). The average length of the GNRs was 56.7 AE 7.9 nm and the average diameter of the GNRs was 7.8 AE 0.9 nm. Fig. 1(d) gives the aspect ratios of the prepared GNRs, varying from 5.5 to 11.5, with an average aspect ratio of 7.3.
The absorption spectra of the GNRs were measured using a Lambda 950 UV-Vis-NIR spectrophotometer (PerkinElmer, America), with the results displayed in Fig. 2(a) . Two absorption peaks were located at 511.1 and 1063.8 nm, respectively. These two separate bands were attributed to the electron oscillation across and along the long axis of the nanorods, respectively, termed as TSPR and LSPR accordingly. Obviously, the LSPR exhibited broadband absorption from 900 to 1300 nm, which was induced by the mixing of the LSPR absorption bands of the GNRs with different aspect ratios. The corresponding aqueous solution of GNRs was purplish red, as displayed in the inset of Fig. 2(a) . The GNRs-based SA was formed by casting the solution onto an output coupler at 1 m, followed by a slow drying at room temperature. The output coupler was a plano-plane BK7 substrate with partial-reflection coatings on one surface and anti-reflection coatings on the other surface. The GNRs were deposited on the surface with We measured the intensity-dependent transmission of GNRs deposited onto the output coupler by using a home-made Q-switched 1064 nm laser with a pulse repetition rate of 5 kHz and a pulse width of 120 ns. The results are shown in Fig. 3 . By fitting our data with an exponential function as shown in Fig. 3 , the modulation depth and saturation intensity are determined to be 0.8% and 0.58 MW/cm 2 , respectively. The corresponding fitting formula is also shown in Fig. 3 . The modulation depth ÁT is the maximum nonlinear change in transmittance. The saturation intensity is defined as the input pulse intensity when the transmittance is increased by 1=e of ÁT with respect to the linear transmittance. The intrinsic (without GNRs-based SA) output coupler transmission at 1064 nm was 7.7%. Because the third-order susceptibility of gold nanoparticles required at least a few picoseconds to rise [13] , the saturation intensity of the GNRs induced by nanosecond or CW lasers should be lower than that induced by femtosecond lasers at the same excitation wavelength [14] . Furthermore, because the saturable absorption of the nanoparticles is dominated by the SPR properties, the saturation intensity of the GNRs also depends on the excitation wavelength, shapes, and sizes of the nanorods [7] - [9] , [11] .
Experimental Results and Discussions
The experimental arrangement of the GNRs-based Q-switched Nd:YAG laser is shown schematically in Fig. 4 . The pump source was a commercial Nd:YAG module, in which a water-cooled Nd:YAG rod 3 mm in diameter and 65 mm in length was side-pumped by radial laser diode (LD) arrays. The laser cavity comprised a plano-plane mirror M1, the Nd:YAG module, a planoconcave mirror M2 (with 100 mm radius of curvature), and an output coupler M3. Both M1 and M2 were high-reflectance coated at 1064 nm. The intracavity focusing in the GNRs was realized by the plano-concave mirror M2, with the beam radius calculated to be 40 m using the ABCD matrix method. The temporal shape of the output laser pulse was recorded using a 1 GHz digital oscilloscope (Agilent, DSO9104H) and a photodetector (Thorlabs, Det10A/M).
First, the laser performance using the output coupler M3 without the deposition of GNRs was investigated. The laser was found to operate in continuous wave (CW) mode. By inserting the GNRs-deposited M3 into the cavity, typical passive Q-switching operation was realized under a wide range of pump powers. The oscillation threshold of the LD pump power for Q-switching was 72 W, which is larger than that of 54 W in the CW mode. The dependence of the average output power and pulse energy on the pump power is depicted in Fig. 5(a) . With further increase of the LD pump power, this state of Q-switching was no longer stable, and eventually the laser operated in the CW mode. The achievable maximum average output power in the Q-switching mode was 740 mW, while the corresponding CW output power was 4.54 W under the same LD pump power, as shown in Fig. 5(a) . The low conversion efficiency is attributed to two factors. First, the LD side-pumped Nd:YAG module exploited in our experiment suffers from poor spatial mode-matching between the volume of the pump and laser beams in the Nd:YAG rod. Second, the modulation depth of the GNRs SA is too small relative to the output coupler transmission. The improved performance will be realized with a good balance between the modulation depth of the SA and the output coupler transmission. Fig. 5(b) depicts the pulse width Á (full width at half maximum, FWHM) and pulse repetition frequency (PRF) versus the pump power. The PRF presented the variations of 13-50 kHz. As for the pulse width, it was initially decreased to 3.1 s, and then slightly increased to 4.6 s with further increase of the pump power. This variation should be attributed to the greatly increased PRF with the pump power. For Q-switched lasers, when the PRF achieved such a high value that the initial inversion population could not be fully consumed during the interval when the Q-switch was turned on, the rise time of a pulse would be extended. Then, the stretched pulses were generated. This increased PRF also caused the decrease of pulse energy, as shown in Fig. 5(a) . Further measurements indicated that this GNRs-based passively Q-switched Nd:YAG laser was unpolarized. With an optical spectrum analyzer (Yokogawa, AQ6370C), the measured output spectrum was peaked at 1064.2 nm, with FWHM of 0.6 nm, as shown in Fig. 6 . The inset of Fig. 6 also displays the corresponding beam profile measured using a Spiricon laser beam analyzer.
This GNRs passively Q-switched laser could generate a stable pulse train under low output power, as shown in Fig. 7(a) and (b) . The increased amplitude modulation in the pulse train was further observed with the increase of output power, as shown by Fig. 7(c) and (d) . This phenomenon should be attributed to the decrease of saturable absorption loss modulation induced by the heating of GNRs during passive Q-switching. Grant et al. have demonstrated that exposure of the clusters of gold nanoparticles to pulsed laser radiation caused suppression of the absorbance at the wavelength of plasmon resonance [15] . Reduced nonlinear response of heated GNRs would gradually destroy the necessary condition for the balanced dynamic gain and loss in the passively Q-switched lasers and eventually cause the laser to operate in the CW mode. The Q-switching performance was found to be recovered when the GNRs were naturally cooled for a long time. Because the GNRs could be more sensitive to the heating when excited at SPR peak wavelength, exploiting the GNRs with its SPR peaks deviating from the lasing wavelength could be an approach for stable pulsed operation over a wide range. Furthermore, the GNRs-based Q-switched pulses presented a symmetric temporal shape. The symmetric factor can be defined as the ratio between the rising and falling times of a pulse. The factors are calculated to be nearly 1 in both Fig. 7(a) and (c).
In the above situation using GNRs as a SA, the achievable maximum pulse energy was 19 J, which was higher than the results obtained both from the GNRs-based Q-switched Er fiber lasers [8] , [9] and some emerging SAs Q-switched 1 m solid-state lasers (such as carbon nanotubes, graphene, topological insulator, and MoS 2 [16] - [19] ). However, the generated pulses from such a GNRs-based passively Q-switched laser were in the microsecond region, which is attributed to the small effective modulation depth of GNRs-based SA. This feature is explained as follows. At the beginning of the passive Q-switching, the net round-trip gain became slightly positive. Then the power of the laser radiation was increased slowly in the laser resonator. Once the absorber was saturated, the net gain could reach a positive level as high as the modulation depth of the absorber. Subsequently, a pulse was generated. Because of the small modulation depth of the GNRs-based SA, the involved positive change of net gain in the Q-switching was small, and thus, the achieved pulse was not short. A novel configuration using GNRs as a combined SA in a dually Q-switched Nd:YAG laser was further studied. As shown in Fig. 4 , an acousto-optic (AO) Q-switch was added into the laser cavity to play the role of the main modulator, while the GNRs acted as the combined SA. The used AO Q-switch had antireflection coatings at 1064 nm on both light-passing surfaces and was driven at a center frequency of 24 MHz with the radio-frequency power of 50 W. Fig. 8 gives the relationship between the average output power and the AO repetition rate for this dually Q-switched laser. The optimum repetition rate was 5 kHz under a given pump power. Then, the dependence of average output power on the LD pump power for 5 kHz AO repetition rate was studied, with the results shown in the inset of Fig. 8 . In comparison with the case using GNRs as a single SA, the oscillation threshold was increased from 72 W to 82 W for this dually Q-switched laser. The corresponding maximum average output power was 1.66 W.
In addition, the AO/GNRs dually Q-switched laser was found to generate temporally shaped nanosecond pulses, as shown in Fig. 9 . According to the rate equation model for the dual-loss modulated laser given in [20] , the generated pulses depended on the total loss, including the Fig. 8 . Relationship between the average output power and AO repetition rate for the AO/GNRs dually Q-switched laser, with the inset giving the dependence of average output power on the LD pump power for 5 kHz AO repetition rate.
actively modulated loss, the saturable absorption loss, and the linear loss (output coupling loss and intrinsic loss). Introducing some slight misalignment into the resonator could change the linear loss. In this case the proportion of actively modulated loss and saturable absorption loss in the total loss would be varied accordingly. Furthermore, the Q-switching time of the GNRsbased SA was substantially faster than that of the AO Q-switch, resulting in a rapid response to the variation of the relative loss change. As shown in Fig. 9(a) and (b) , the buildup of a small pulse induced by GNRs could be temporally advanced or delayed relative to the large pulse induced by the AO Q-switch. Interestingly, compared to the case using GNRs as a single SA, the small pulse was greatly narrowed, and the pulse width was less than 500 ns. When the buildup of GNRs-induced small pulse was slightly staggered to the large pulse, the saturable absorption loss would be coupled into the leading or trailing edge of large pulse. This process resulted in the reshaped rising and falling edge of pulses, as shown in Fig. 9(c) and (d) . Furthermore, when the two pulses were generated synchronously, the pulse shape symmetry and the pulse width reduction were realized simultaneously in comparison with singly AO Q-switched pulse, as shown in Fig. 9 (e) and (f). Fig. 9(f) was obtained from the singly AO Q-switched Nd:YAG laser, without the participation of GNRs-based SA. The symmetric factors were calculated to be 0.82 and 0.18 for Fig. 9 (e) and (f), respectively. Note that the results reported in Fig. 8 were obtained for synchronous GNRs-based SA and AO Q-switched laser pulses, as shown in Fig. 9 (e). These temporally shaped pulses could find great potential applications in material micromachining processes [21] , [22] . These results indicate that the nonlinear loss modulation induced by the GNRs played a distinctive role in temporally shaping the nanosecond pulses.
As a final remark regarding the GNRs-based SA, short pulses in the picosecond or femtosecond range can be generated via the mode-locking technique. It is interesting to note that gold nanoparticles possess a distinctive nonlinear response that is different from those of other saturable absorbers (such as SESAM, graphene and carbon nanotubes). The rise time of transmittance is on the order of a few hundred femtoseconds, resulting from the slow response of electron-electron scattering. This property provides the possibility of achieving a pulse duration in the femtosecond range [4] . However, the parameters of the GNRs and the resonator used in our experiment are not suitable for mode-locking operation. According to the design criteria for the passively mode-locked solid state lasers, a relatively large saturation intensity is beneficial to suppress Q-switching [23] . Furthermore, the side-pumping configuration exploited in our experiment suffers from intrinsically poor spatial mode-matching. Therefore the gain will not be able to respond fast enough. The intensity continues to increase as the SA is bleached, leading to an increased tendency for Q-switching. Therefore, the end-pumping configuration and the GNRs-based SA with relatively large saturation intensity can be used to realize the passive mode-locking.
Conclusion
In this paper, the experimental results demonstrated the feasibility of generating high energy pulses by using GNRs as a single SA in all solid-state lasers. Optimum pulse characteristics with a pulse width of 3.1 s, a pulse repetition rate of 20 kHz and a pulse energy of 19 J were achieved. Due to the small effective modulation depth of GNRs-based SA, such a GNRs-based passively Q-switched laser always operated in the microsecond-pulse region. A novel configuration using GNRs as combined SA in an AO Q-switched Nd:YAG laser was demonstrated. The small nonlinear loss modulation induced by the GNRs played a distinctive role in flexibly manipulating the nanosecond pulse waveforms. Our study provided an alternative method to take advantage of nanomaterial-based SAs with fast response time and relatively small modulation depth.
